Summary.
The three-dimensional vascular distribution and the vascular-parenchymal relationship in normal guinea pig thymus were studied by light, scanning and transmission electron microscopy. Interlobular arteries arising from one thymic artery entered the thymic parenchyma where they branched into arterioles and then formed capillary networks in the cortex and in the medulla. Most cortical capillaries drained to the surface via perpendicular venules which merged into the subcapsular veins. Some vessels of the inner cortex, however, returned blood to the postcapillary venules (PCVs) at the corticomedullary junction and in the medulla. The vascular supply of the guinea pig thymus is thus characterized by a dual circulation in which venous blood drains either via a subcapsular or via a cortico-medullary route. The endothelium of the postcapillary venule (PCV) was flat and often contained migrating lymphocytes. These venules were surrounded by a perivascular space (PVS) which separated the vessel from the parenchyma and which contained many lymphocytes.
This PVS was not lined by cells but was delimited on one side by the abluminal surface of the venular endothelium and on the other side by a thin, sheet-like layer formed by cytoplasmic processes of epithelial reticular cells. This epithelial sheet was not continuous, as there were frequent interruptions or gaps where the PVS communicated directly with the intercellular mesh of the thymic parenchyma. The PVS did not form a continuous longitudinal channel but was interrupted by epithelial trabeculae. Some macrophages and a few plasma cells were seen in the parenchyma near the PVS. These findings suggest that the PCV and the PVS in the thymus may function as pathways for the migration of lymphocytes into or out of the blood circulation.
A detailed knowledge of microcirculation in the thymus, and how it relates to the epithelial framework, is important for an understanding of the maturation and migration of thymic lymphocytes. The thymic vasculature has been studied by light microscopy in various species of laboratory animals with the use of intravascular injections of contrast media. Three variants of the microvascular pattern have been proposed, as follows: l) Cortical loops: Cortical capillaries form loops at the periphery of the lobule and return blood to the postcapillary venules (PCVs) at the corticomedullary junction, as in the mouse (SMITH et al., 1952; ITo and HOSHINO, 1966; RAVIOLA and KARNOVSKY, 1972 ; ABE and ITO, 1974) . 2) Through circulation : Capillaries penetrate the cortex and drain directly into subcapsular PCVs. This pattern has been described in man (BARGMANN, 1943) and the guinea pig (BLAU, 1977) . 3) A dual circulation: Venous blood of the cortex drains towards the lobular surface as well as towards the cortico-medullary junction. Such a pattern has been reported in the rat (SAINTS-MARIE and MESSIER, 1970; SAINTE-MARIE et al., 1986) , guinea pig and pig (OLSON and POSTE, 1973) . These studies were all based on light microscope observations of whole mounts or serial sections of the thymus. To our knowledge, there are only two reports which deal with the spatial distribution of thymic blood vessels by electron microscopy. These examined vascular resin casts of rat thymus by scanning electron microscopy (SEM) (KARDON and KESSEL, 1981; IRINO et al., 1981) .
PCVs and the perivascular space (PVS) which surrounds them and which may play a role in the transmural passage of thymic lymphocytes have been examined by light (K0ST0WIECKI, 1967; PEREIRA and CLERMONT, 1971 ) and transmission electron microscopy (TEM) (CLARK, 1963 (CLARK, , 1964 ITO and HOSHIN0,1966 ; ABE and ITO,1974 ; BEARMAN et al., 1976; SINGH, 1979; DUIJVESTIJN and HOEFSMIT, 1981) . All these reports provide general information on the microcirculatory pattern and the two-dimensional fine structure of the vessels concerned but they do not address their three-dimensional distribution. Only in the rat thymus has the three-dimensional relationship of cells forming the parenchyma been described by HwANG et al. (1974) and USHIKI (1986) in a combined SEM and TEM study.
In the guinea pig, the thymus is located in the cervical region and consists of two lobes with a typical lobulated pattern. It was therefore of interest to delineate its vacular distribution and to compare it with that in previous reports on the thymus of other mammals. We examined the vascular topography with the aid of resin corrosion casts for scanning electron microscopy and injection preparations for light microscopy. The relationship of blood vessels, in particular of the postcapillary venules, to the surrounding parenchyma was also studied by light and electron microscopy. We shall describe here the three-dimensional structure of blood vessels in the guinea pig thymus, with special attention given to the capillary network, the postcapillary venules and their perivascular spaces.
MATERIALS AND METHODS

Experimental animals
Thirty male guinea pigs of the Hartley strain, weighing 300 to 400 g, were used. They were supplied by Seiwa Experimental Animals Ltd. (Fukuoka). All animals were anesthetized with an intramuscular injection of pentobarbital sodium (Nembutal; 15.0 mg/100 g B.W.; Abbot. Labo., North Chicago) at the beginning of the experiment.
Preparation of resin corrosion casts Under anesthesia, the thorax was cut open and a cannula of vinyl tubing (4Fr Atom Tube, Tokyo) was inserted into a slit in the thoracic aorta. The inferior vena cava was cut to provide an outflow. The thymic vascular bed was perfused by hand with 120 ml of warm Hanks' balanced salt solution containing heparin (20 units/ml), and then with approximately 20 ml of Mercox resin (Dai-Nippon Ink Co. Ltd., Osaka) containing 15% methylmethacrylate monomer (Wako Pure Chemical Ind. Ltd., Tokyo). After the resin had hardened, the thymus was cut out and corroded in several changes of 10% KOH over a period of 3 days until all tissues had been removed. The resulting vascular casts were air-dried, mounted on specimen holders with silver paste, coated with gold in an ion sputter JFC-1100 (JEOL, Tokyo) and then examined with a scanning electron microscope (JEOL 25S).
Processing of tissues for electron microscopy The animals were perfused with warm Hanks' balanced salt solution as detailed in the preceding paragraph. This was followed by a mixture of formaldehyde (2%) and glutaraldehyde (2%) in 0.1 M cacodylate buffer (pH 7.4) containing 0.025% CaCl2. The thymus was then excised, cut into small blocks or sliced with a razor blade and processed for scanning and transmission electron microscopy as shown below. Some thymuses were fixed by immersion only in order to assess the effect perfusion pressure may have on the structure of the vascular wall.
A) Scanning electron microscopy : The basic processing for scanning electron microscopy entailed a further aldehyde immersion fixation of blocks or tissue slices for 3-4 hr and post-fixation with osmium according to MURAKAMI's tannic-osmium method (MURAKAMI, 1974) . The tissues were dehydrated with alcohol or acetone and criticalpoint-dried in liquid COZ. MURAKAMI's impregnation method enables the examination of tissues without coating, though in some instances, specimens were additionally coated with gold. Variations for specific purposes were as follows: l) Slices destined for observation of the vascular pattern on the cut surface were incubated in 0.5% trypsin for 30 min at 3TC before the second aldehyde fixation. 2) Similarly, slices destined for an examination of the reticular meshwork free from cells were sonicated for 30 min in 0.3% Triton X-100 (Kodak) at 75,000 Hz (ultrasonic cleaner, Kaijo Denki, Tokyo) before the second aldehyde fixation. 3) Finally, for general observation, small tissue blocks which had been processed through the dehydration steps were freezecracked in liquid nitrogen before critical-point drying.
B) Transmission electron microscopy : Slices of perfusion-fixed tissue were immersed in the same fixative for a further 2 hr, post-fixed in 2% osmium tetroxide for 2 hr at 4°C, dehydrated in ascending concentrations of alcohol or acetone and embedded in Epon 812 (Taab). Sections were cut with glass knives on an LKB Ultrotome or a Reichert OmU4 and stained with 6% uranyl acetate in methanol and lead citrate (VENABLE and COGGLESHALL, 1965) and examined with a JEM 3000 or a Philips EM 301S transmission electron microscope. Semithin sections for light microscopy were stained with 1% toluidine blue.
Processing of tissues for light microscopy Most of the thymuses were perfused with warm Hanks' balanced salt solution via the thoracic aorta; the others were perfused retrograde via the cervical vein. This was followed by a 5% carbon-gelatin solution prepared by mixing equal amounts of a 10% gelatin solution and a colloidal carbon suspension (Pelikanwerke, Hannover, Germany) which was injected by hand. The thymus was then exposed and covered with crushed ice for 10 min to allow gelling of the injection mass. For topographic examination of the capillary networks, the thymus was dissected out, sliced at 175,um with a tissue sectioner (TC-2, Sorval Co), dehydrated in ethanol and then cleared with methylsalicylate. Tissue blocks fixed with neutral buffered formalin (10%) were embedded in paraffin. The paraffin sections were impregnated with the Bielschowsky-Gomori ammoniacal-silver method for reticular fibers.
RESULT
The vascular supply Each lobe of the guinea pig thymus was supplied by one thymic artery which entered at the hilus. On the dorsal side, it sent off a number of interlobular smaller arteries which eventually entered individual lobules to supply the thymic parenchyma (Fig, la) . They did not penetrate to the ventral surface where the lobular pattern was accentuated by subcapsular veins (Fig. lb) . Interlobular arteries either traversed the medulla or ran parallel to the cortico-medullary junction giving off, arterioles at right angles which penetrated the cortex and the medulla and then divided to form capillary networks. The cortical tissue was permeated by a dense capillary meshwork which contrasted with the coarser network of the slightly larger capillaries in the medulla (Fig. 2, 3) .
Venous drainage of the inner cortex was via PCVs which reentered the medulla; most of the outer cortical capillary networks were drained by PCVs which rose vertically to the cortical surface and merged to form subcapsular veins. The patterns of subcapsular and medullary venous drainage can be seen particularly well in scanning electron micrographs of resin casts (Fig. 4) . A dual venous drainage was also evident with retrograde venous injection of the carbon-gelatin solution which distended both the subcapsular and the medullary veins (Fig. 3b) . Venous blood left the thymus via two veins, one at the hilus on the dorsoanterior surface and the other on the dorsolateral surface (Fig, la) .
The postcapillary venule (PCV)
The PCVs, 10-20pm in diameter, were located at the cortico-medullary junction and in the medulla of the thymus (Fig. 5) . In addition, larger PCVs ranging in diameter from 15-25 p m were also observed at the surface of the thymic cortex (Fig. 4, 5) . The walls of both types of PCVs were thin and lined with a flat endothelium (Fig. 5b, c) , whether fixed by immersion or perfusion. High endothelial cells such as those seen in analogous venules in lymph nodes and Peyer's patches were not seen. Therefore, in casts of these vessels, the replicated surface was smooth and without prominent depressions (Fig. 4) . Lymphocytes, judged to be in various stages of migration across the vascular wall, were often observed by scanning and transmission electron microscopy in the endothelium of PCVs at the cortico-medullary junction (Fig. 6, 7) and at the surface of the cortex, but the exact paths could not be inferred from our material. PCVs were characteristically surrounded by a distinct space, the so-called perivascular space (PVS).
The perivascular space (PVS) and epithelial framework
The PVS was recognized around the PCVs but not around the arterioles and capillaries. This space was not invested with a layer of lining cells. The PVS around the PCV contained lymphocytes and reticular cells. On the inner aspect, the PVS was bounded by the basal laminae on the abluminal surface of endothelial cells or accompanying pericytes. On the outer aspect, it was delimited by a thin, sheet (Fig. 8) . This epithelial sheet was not continuous but had interruptions or gaps through which lymphocytes appeared to migrate to or from the PVS (Fig. 6) . Macrophages with many phagocytic inclusion bodies and plasma cells were occasionally observed in the parenchyma adjacent to the PVS. The three-dimensional arrangement of PCVs and their PVSs is best visible in scanning electron micrographs of transversely or longitudinally cut vessels (Fig. 7, 9, 10) . Figures 9a and 9b are examples of tissue which had been sonicated in detergent to remove thymic lymphocytes. The PVS did not constitute a continuous longitudinal channel but was interrupted by epithelial trabeculae (Fig. 10) . 
DISCUSSION
Light microscopic studies of thymic blood vessels in man (BARGMANN, 1943) and in the guinea pig (BLAU, 1977) have reported that thymic lobules have a through circulation, i. e., that capillaries penetrating the cortex form an anastomotic capillary network in the outer cortex and drain directly into subcapsular PCVs. BLAU (1977) further stated that there were no capillary loops returning blood from the cortex to the medulla and that this pattern was comparable with that in liver lobules. On the other hand, OLSON and POSTE (1973) described a dual circulation in the guinea pig and the pig thymus, where some capillaries drain into subcapsular veins while others loop back to join venules at the cortico-medullary junction. Such a pattern was also seen by SAINTE-MARIE et al. (1986) in the rat. KARDON and KESSEL (1981) , examining vascular resin casts of rat thymus by SEM, found that small vessels (20-30,um in diameter) penetrated perpendicularly to the capsular surface and drained the characteristic radial capillaries of the cortex. Finally, IRINO et al. (1981) who examined replicated vessels of the rat thymus, described supplementary capsular arteries and veins directly penetrating the capsule, in addition to arterioles and venules distributed preferentially at the cortico-medullary junction. However, none of these reports suggesting a dual circulation refer to the overall microcirculatory pattern. We were able to demonstrate the spatial distribution of blood vessels in the guinea pig thymus. Capillaries of the outer cortex are drained by PCVs rising vertically to the cortical surface. In addition, some capillaries of the inner cortex and of the medulla drain into PCVs at the cortico-medullary junction. This dual circulation, with subcapsular and medullary venous drainage, is particularly evident in successful retrograde venous injection preparations (Fig. 3b) . The present study thus confirms two vascular pathways through the guinea pig thymus: most cortical vessels drain into subcapsular veins while others which form a less prominent network drain towards the cortico- x6,100. c. Epithelial sheets run parallel to the long axis of the vessel. x2,100 medullary junction. This vascular pattern differs from that in the mouse thymus (SMITH et al., 1952; RAVIOLA and KARNOVSKY, 1972; ABE and ITO, 1974) in which cortical capillaries return all blood to PCVs at the cortico-medullary junction after forming loops in the outer cortex. The supplementary subcapsular venous drainage as seen in the guinea pig thymus may possibly depend on its lobulated structure.
Postcapillary venules (PCVs) in lymphoid tissues such as lymph nodes, Peyer's patches, tonsils and the appendix are generally known by their characteristic lining of high endothelial cells and the presence of many intramural lymphocytes judged to be migrating across the venular walls. Such specialized high endothelial cells have been reported as lacking in PCVs of the guinea pig and rat thymus whether examined by light or transmission electron microscopy (BLAU, 1977; TORO and OLAH, 1967) , or by scanning electron microscopy (IRINO et al., 1981; USHIKI, 1986) ; however, they have been seen in other TEM studies of the thymus in the mouse (CLARK, 1963 (CLARK, , 1964 and rat (HwANG et al., 1974) . Though the appearance of endothelial cells lining these venules may differ according to species, it is also influenced by the method of fixation. High perfusion pressure, for example, can result in an excessive flattening of the endothelial lining. In our material, the walls of both PCVs at the surface of the lobule and at the cortico-medullary junction were lined by attenuated endothelial cells whether fixed by perfusion or immersion, except in those areas where intramural lymphocytes distorted or displaced endothelial cells.
In silver-impregnated sections of the guinea pig thymus, we could identify larger venous vessels at the surface of the cortex and at the cortico-medullary junction which were of the type referred to as "double walled PCVs" in light microscopic studies of the rat thymus (SAINTE-MARIE and LEBLOND, 1964; KOSTOWIECKI, 1967; PEREIRA and CLERMONT, 1971) . These are said to be surrounded by a wide perivascular space. Our TEM study demonstrated that the outer "wall" of the PVS as observed by light microscopy is no more than a sheet of cytoplasmic processes of epithelial reticular cells and their basal laminae. In fact, the space is not precisely delimited by a lining of cells as for example lymphatics, but abuts the basal lamina on both its outer and inner aspects. In their histochemical study of the rat thymus, PEREIRA and CLERMONT (1971) suggested that there were continuities between the PVS and interlobular connective tissue. Thus, UsHIKI (1986) preferred to use the term "perivascular channel" for the PVS. However, HWANG et al. (1974) in their SEM observations of the rat thymus, demonstrated that the so-called outer wall of the PVS is basically similar in structure to the rest of the epithelial framework and continuous with it. The channel-like appearance of the PVS in TEM merely represents a longitudinal section of epithelial trabeculae. Our own studies by the combined use of scanning and transmission electron microscopy indicate that the PVS is not continuous along the long axis of the PCV, but rather is interrupted at various sites by epithelial trabeculae.
In agreement with HWANG et al. (1974) , we propose that the sheet of epithelial processes is a part of the overall reticular meshwork. Ultrastructural studies showed that the sheet is not continuous. We often observed interruptions or gaps through which lymphocytes appeared to migrate. Such gaps in the epithelial sheet have also been reported in lightand electron microscopic studies of the thymus in the mouse (ITO and HOSHINO,1966) , rat (KOTANI et al., 1967; PEREIRA and CLERMONT,1971 ; HWANG et al., 1974 ; DUIJVESTI-JN and HOEFSMIT,1981; USHIKI,1986) , and in man (BEARMAN et al., 1976; SINGH,1979) . The gaps can apparently also be traversed by interdigitating cells and macrophages (DUIJVESTIJN and HOEFSMIT, 1981; USHIKI,1986) .
Our observations clearly show that lymphocytes are present in the endothelium, in the PVS and, as already mentioned, sometimes in gaps of the epithelial sheet. This has previously been interpreted as indicating a channelling of lymphocytes into the PCV (KOSTOWIECKI, 1967) or generally as a route for the movement of cells into or out of the thymus (SAINTS-MARIE and PENG,1971; KENDALL,1981) . Accordingly, most of the lymphocytes in the PCV and their PVSs have been interpreted as representing the outward passage of T-lymphocytes with a minor inward migration of B-lymphocytes. As to the route lymphocytes take across the endothelium, two pathways have been reported in the thymus : an intercellular route by squeezing through the space between endothelial cells (IRINO et al., 1981; OWEN and BHALLA,1983) , and an intracellular route by penetrating the endothelial cell (TORO and OLAH, 1967; USHIKI, 1986) . In previous studies of lymph nodes (SCHOEFL and MILES, 1972 ) and Peyer's patches (YAMAGUCHI and SCHOEFL, 1983) , most migrating lymphocytes could be shown to traverse the endothelium by following an intercellular path. No conclusion could be drawn from the present study as to the pathway lymphocytes follow across the vascular wall in the thymus. Further examination is needed to ascertain this point. RAVIOLA and KARNOVSKY (1972) demonstrated that, at least in the mouse thymus, cortical capillaries are impermeable o macromolecular intravascular tracers, but that the tracers leaked from medullary venules where lymphocytes migrate across the vascular wall. The PVS may thus function as a site where thymic lymphoid cells are first exposed to substances circulating in the bloodstream.
